Two moderately psychrophilic actinobacterial strains, designated AU-G6
Marine macroalgae are emerging as an exciting resource for the discovery of new species of bacteria [1] , and the surface of marine macroalgae harbour a complex, dynamic and diverse bacterial microbiota [2] . Antarctic marine macroalgae are unique in several aspects of their biology and ecology, however, very few studies to date have explored the diversity and distribution of micro-organisms associated with Antarctic macroalgae.
As a member of the family Pseudonocardiaceae, the genus Amycolatopsis is characterized by cell-wall chemotype IV or III [3] , fatty acids mainly of iso-and anteiso-branched components, tetrahydrogenated menaquinones with nine or eight isoprene units, phospholipid type PII, N-acetylated muramic acid and lack of mycolic acids [4] [5] [6] . Amycolatopsis species can be separated from members of the other genera classified within the family Pseudonocardiaceae by using a range of chemotaxonomic and morphological markers [7] and by genus-specific oligonucleotide primers based on 16S rRNA gene sequences [8] . Members of the genus Amycolatopsis are Gram-stain-positive, non-acid-fast, non-motile actinomycetes that form branched vegetative hyphae that undergo fragmentation into rod-like and squarish elements. If present, aerial hyphae may be sterile or differentiate into squarish to ovoid spore-like structures [9] . The genus encompasses alkaliphilic, mesophilic, thermophilic, endophytic and pathogenic species, which can be distinguished from one another by using a range of phenotypic properties [10] [11] [12] [13] [14] [15] . At the time of writing, the genus comprises 68 recognized species and four subspecies, of which only two species were from marine environment [16, 17] . During an investigation of the biodiversity and bioactivities of Gram-stain-positive bacteria associated with the surface of Antarctic marine macroalgae, two Amycolatopsis strains with alpha-haemolytic activity were isolated. The present polyphasic study was designed to determine the taxonomic position of the two strains.
Strains AU-G6
T and AU-A3.2 were isolated from different samples of an Antarctic brown macroalga, namely Adenocystis utricularis (Bory) Skottsberg, collected from the Punta Rodriguez site (62 11¢ 57 † S, 58 56¢ 34 † W) of the King George Island (South Shetland Islands, Antarctic Peninsula) as previously described [18] . Specimens of macroalgae from which AU-G6
T was isolated were sampled on 30 January 2014, and AU-A3.2 was isolated from specimens collected on 1 February 2014. A. utricularis is a saccate algae, with a pear-shaped sporophyte on thalli of the macroalgae. Both strains were isolated from the part of sporophytes. In both cases, fresh specimens were processed immediately after collection. Methods for processing samples and isolating strains were as described by Leiva et al. [18] . Both isolates were purified and maintained on ZoBell's marine 2216E medium (279110, BD Difco) and preserved as suspensions of hyphal fragments in glycerol (15 %, v/v) at À80 C.
Chromosomal DNAs of the isolates were extracted and purified with the DN1112 genomic DNA purification kit (Biomed). PCR amplification of the 16S rRNA genes was achieved using the universal primers 27F and 1541R under the following conditions: initial denaturation at 95 C for 5 min prior to the addition of rTaq DNA polymerase (Toyobo), followed by 35 cycles of 95 C for 45 s, 57 C for 45 s and 68 C for 2 min, and a final extension cycle at 68 C for 10 min. The amplified DNA fragments were sequenced on an ABI 3730XL automatic DNA sequencer.
The identification of phylogenetic neighbours and calculation of pairwise 16S rRNA gene sequence similarity were achieved using the recent version of EzTaxon program (www.ezbiocloud.net/taxonomy) [19] . The resultant sequences determined in this study were aligned and compared with the corresponding sequences of all recognized Amycolatopsis species (including invalid names) by using the MUSCLE program [20, 21] in MEGA6 [22] and then manually optimized according to the secondary structure of the E. coli sequence [23] . Gblocks 0.91b program [24, 25] was then employed to remove the alignment noise. Phylogenetic trees were reconstructed with the neighbour-joining (NJ) [26] and maximum-parsimony (MP) [27] algorithms in MEGA6, and with the maximum-likelihood (ML) [28] algorithm by using the PhyML 3.0 server (www.atgc-montpellier.fr/phyml) [29] . Evolutionary distances for the NJ method were computed by using the method of Jukes and Cantor [30] . The confidence level of the tree topology was evaluated by bootstrap analysis [31] using 1000 replications for the NJ data and 100 resamplings for the MP data. The branch support value for the ML tree was calculated using the aLRT SH-like model from the PhyML 3.0 server. Amycolatopsis minnesotensis JCM 14545  T were selected as  reference strains and evaluated together under experimental  conditions identical to those used for strains AU-G6 T and AU-A3.2. Cultural and morphological characteristics of the strains were determined after incubation at 28 C for 21 days on various agar media used in the International Streptomyces Project (ISP) as described by Shirling and Gottlieb [32] . All of the media tested in this study were supplemented with 3.4 % (w/v) artificial sea salts (S9883, Sigma-Aldrich) unless otherwise indicated. The National Bureau of Standards (NBS) Colour Name Charts [33] and the RAL Colour Charts (http://synerplas.com.sg/colorcharts/) were used for determining colour designation and names. Melanoid pigment production was determined on ISP 6 and ISP 7 agars after 14 days at 28 C. Morphology of aerial mass was examined directly on the embedded cover slides taken from the tested agars after incubation for 14-21 days at 28 C, under an inverted light microscope (Nikon ECLIPSE Ti). Micro-morphological properties were determined by examining gold-coated dehydrated specimens of 21-day-old cultures from ISP 7 agar using an environmental scanning electron microscope (FEI Quanta 200).
Growth of the strains was tested at various temperatures (4, 10, 15, 20, 25, 28, 37, 40, 45, 50 and 55 C) on marine agar 2216E. The pH range for growth was determined in buffered marine broth 2216E at intervals of 1.0 pH unit, using 0.1 M acetic acid/acetate buffer for pH 4-6 and 0.07 M Tris buffer for pH 7-11. NaCl tolerance of the strains was investigated using ISP 2 agar prepared by replacing artificial sea salts with 0, 0.5 and 1-10 % (at intervals of 1 %, w/v) NaCl. The cultures for examining growth parameters were incubated at 25 C for up to 30 days.
The Gram reaction was carried out according to both the classical Gram-staining procedure modified by Hucker [34] and the non-staining KOH method as described by Gregersen [35] . Catalase activity was determined by bubble production in 3 % (v/v) H 2 O 2 , and cytochrome c oxidase activity was determined using 1 % (w/v) N,N,N¢,N¢-tetramethyl-p-phenylenediamine. H 2 S formation was detected by using lead acetate filter paper strips [36] . Nitrate reduction was tested by adding the Griess-Ilosvay reagents I and II, as well as the diphenylamine reagent, to marine broth 2216E cultures supplemented with KNO 3 (0.1 %, w/v).
The degradation of adenine, L-tyrosine (0.5 %, w/v), hypoxanthine, xanthine, xylan (0.4 %, w/v), casein (1 %, w/v, skimmed milk) and guanine (0.05 %, w/v) was detected in marine agar 2216E after 7, 14 and 28 days at 25 C. The degradation of Tweens 20, 40, 60 and 80 was examined in the same medium by the appearance of opacity after 7 and 14 days. Gelatin (0.4 %, w/v) and starch (1.0 %, w/v) degradation were detected in the same medium after 7 days by flooding plates with tannic acid solution [37] and Lugol's iodine solution, respectively. The degradation of carboxymethylcellulose (CMC) and pectin was tested by using the Congo red agar plate method. Chitinolytic activity was observed by the appearance of clearing zones in colloidal chitin agar [38] . The degradation of allantoin (0.33 %, w/v), urea (2 %, w/v) and hippurate (1 %, w/v) were tested using the methods of Gordon [39] , while the degradation of aesculin and arbutin (0.1 %, w/v) were determined by the method modified by Williams et al. [40] . The assimilation of a number of carbohydrates as the sole carbon source at a final concentration of 0.5 % (w/v) was tested at 25 C in liquid culture in the basal mineral medium recommended by K€ ampfer et al. [41] supplemented with B vitamins. Oxidative/fermentative metabolism of various carbohydrates was determined on a modified Hugh and Leifson's OF basal medium (1 % carbohydrate, 0.2 % peptone, 0.1 % yeast extract, 0.5 % NaCl, 0.02 % K 2 HPO 4 , 0.008 % bromothymol blue, 3 % agar). Nitrogen source utilization was examined using the basal medium recommended by Williams et al. [40] supplemented with a final concentration of 0.1 % of the tested nitrogen sources. Determination of enzyme activities were performed by using the commercial API ZYM galleries (bioM erieux) following the manufacturer's instructions. Additionally, a series of antibiotics and chemical inhibitors were added at different concentrations to marine agar 2216E plates, which were then inoculated with spores or homogenized hyphael fragments of the tested strains to examine their susceptibility as described by Groth et al. [42] and Camas et al. [43] .
For chemotaxonomic characterization, the isolates and the related reference strains were cultivated for 3-5 days at 180 r.p.m. and 25 C in tryptic soy broth (211825, BD Bacto) supplemented with 3.4 % (w/v) artificial sea salts (S9883, Sigma-Aldrich); cells were harvested by centrifugation and washed twice in sterile saline. Whole-cell amino acids and sugars were prepared according to Lechevalier and Lechevalier [3] and analysed by standard thin-layer chromatography (TLC) and high-performance liquid chromatography (HPLC) procedures [44] [45] [46] . Polar lipids were extracted by the method modified from Minnikin et al. [47] and analysed by two-dimensional TLC. The isoprenoid quinones were extracted and purified using the method of Collins et al. [48] and analysed by HPLC [49] . For the extraction of whole-cell fatty acids, cells were cultivated on trypticase soy agar (211043, BD BBL) plates at 25 C for 5 days to the late exponential phase. Cellular fatty acids were extracted, methylated and separated by gas chromatography using an Agilent Technologies 6890 N instrument, according to the standard protocol of the Sherlock Microbial Identification (MIDI) system (www.midi-inc.com) [50, 51] ; the fatty acid methyl ester peaks were quantified using TSBA 6.0 software. Analyses of the acyl type of the murein and mycolic acids were carried out by using previously described methods [52, 53] .
Genomic DNA of strain AU-G6
T used for whole-genome sequencing (WGS) was extracted following the SDS method modified from Marmur [54] . The genome was sequenced with massively parallel sequencing Illumina technology. DNA library construction and sequencing were performed at the Beijing Allwegene Technology Co., Ltd. The quality control of reads was performed by using an in-house program. The filtered reads were assembled by SOAPdenovo [55, 56] (http://soap.genomics.org.cn/soapdenovo.html) to generate scaffolds. The average nucleotide identity (ANI) values between strain AU-G6
T and reference type strains with genome data available were calculated using the software JSpecies [57] . A phylogenomic tree was then inferred by using a published method [58] . The DNA G+C contents of the isolates were determined following the thermal denaturation procedure of Gonzalez and Saiz-Jimenez [59] as well as from the whole-genome data.
Almost-complete 16S rRNA gene sequences were generated for isolates AU-G6 T (1421 nt) and AU-A3.2 (1427 nt). Comparison of these sequences with corresponding nucleotide sequences of representatives of the genera classified in the family Pseudonocardiaceae showed that the new organisms belonged to the genus Amycolatopsis. A total of 1424 unambiguous aligned positions present in all strains (corresponding to E. coli positions 55-1470) were used for phylogenetic analysis. It is evident from Fig. 1 [60] were not carried out between the isolates and their closest phylogenetic neighbours, as the 16S rRNA gene similarities cited above were well below the species delineation cut-off threshold (98.7-99.0 %) suggested by Stackebrandt and Ebers [61] . In 2013, Meier-Kolthoff et al. [62] also recommended a decision table for a series of phylum-specific thresholds of 16S rRNA gene similarities up to that additional DNA-DNA hybridization (DDH) determination need not be conducted for confirming that two strains do not belong to the same species. This study was based on a statistical interpretation of an updated empirical dataset of DDH values and respective 16S rRNA gene sequences similarities. The threshold for the phylum Actinobacteria could be at most 99.0 % (with maximum probability of error of 1.00 %) for us to omit a DDH experiment. The ANI value between the genomes of strain AU-G6 T and its closest neighbour A. nigrescens CSC17Ta-90 T (with the GenBank accession number ARVW00000000.1) is 75.72 %, much lower than the generally accepted 95-96 % ANI threshold range for species delineation [57, 63] . In addition, strain AU-G6
T and A.
nigrescens CSC17Ta-90 T are not gathered together in the phylogenomic tree (Fig. S1 , available in the online version of this article), further indicating that they are distantly related.
Isolates AU-G6
T and AU-A3.2 shared a range of morphological, physiological/biochemical and chemotaxonomic characteristics consistent with their assignment to the genus T and AU-A3.2 and representatives of recognized Amycolatopsis species. N and P indicate branches that were also recovered using the neighbour-joining [26] and maximum-parsimony [27] tree-making algorithms, respectively. Asterisks indicate branches that were recovered from all three algorithms above. Numbers at nodes indicate levels of support (%) based on an aLRT SHlike model; only values !50 % are shown. Bar, 0.05 substitutions per nucleotide position.
Amycolatopsis [6, 64, 65] . They produced an extensively branched substrate mycelium that fragmented into rod-like elements, formed short and sparse aerial hyphae with a closed and compact spiral on the tip (Fig. 2) . The new isolates also gave a profile of phenotypic characteristics that served to distinguish them from representatives of their phylogenetic neighbours (Tables 1 and S1 ). They grew well on almost all media tested except for ISP 6. Growth was observed between 4 and 28 C, from pH 6 to 10, and in the presence of 0.5-7.0 % (w/v) NaCl (optimum, 3.0-5.0 %, w/v) and 0.5 -10.0 % (w/v) of sea salts (optimum, 3.0-7.0 %, w/v). They were not able to grow in media without salt added and only formed aerial mycelia on agar plates supplemented with artificial sea salts, indicating their marine-habitat origin. The two isolates contained meso-diaminopimelic acid, arabinose and galactose in whole-organism hydrolysates (wall chemotype IV sensu Lechevalier and Lechevalier [3] ) together with minor amounts of glucose, mannose, rhamnose and ribose. Furthermore, they were characterized by the presence of N-acetylated muramic acid and a complex polar lipid pattern consisting of diphosphatidylglycerol, phosphatidylethanolamine, hydroxy-phosphatidylethanolamine, phosphatidylglycerol, phosphatidylinositol, and a trace amount of phosphatidylserine, phosphatidylinositol mannoside and unidentified aminolipids ( Fig. S2 ; phospholipid pattern II sensu Lechevalier et al. [66] and Yassin et al. [65] ). Mycolic acids were not detected. Strains AU-G6
T and AU-A3.2 also contained MK-9(H 4 ) as the predominant isoprenoid quinone component (91.7 and 88.6 % of the total, respectively) with smaller proportions of MK-8(H 4 ) (3.9 and 6.3 %), MK-9(H 6 ) (2.3 and 3.2 %) and MK-9(H 8 ) (2.1 and 1.9 %). They showed a highly similar fatty acid pattern in which iso-C 16 : 0 was the major component (42.84 and 45.22 % of the total fatty acid composition, respectively). Fatty acids found in smaller proportions included iso-C 15 : 0 (8.14 and 8.86 %), C 15 : 1 !6c (3.93 and 2.85 %), iso-C 16 : 1 H (5.68 and 4.85 %), C 16 : 0 (2.58 and 1.64 %), iso-C 17 : 0 (2.34 and 2.74 %), anteiso-C 17 : 0 (0.92 and 1.88 %), C 17 : 0 (6.58 and 7.51 %), C 17 : 1 !8c (13.53 and 11.58 %), C 17 : 1 !6c (3.09 and 2.96 %), C 17 : 0 10-methyl (2.05 and 2.33 %), summed feature 3 (2.05 and 1.26 %) and summed feature 9 (1.86 and 1.7 %). The cellular fatty acid profile is type 3c sensu Kroppenstedt [67] . Members of actinobacteria with this fatty acid pattern were characterized by synthesizing both the terminally (isoand anteiso-) and 10-methyl-branched fatty acids, and containing 10-methyl C 17 : 0 rather than 10-methyl C 18 : 0 . Similar complex fatty acid patterns have been recorded for recognized members of the genus Amycolatopsis [64] . The cellular fatty acid composition of the two strains was consistent with that of the genus Amycolatopsis (Table S2 ). The G+C contents for strains AU-G6
T and AU-A3.2 from the thermal denaturation method were 71.2 and 71.5 mol%, respectively. However, the G+C content from the WGS data was 70.3 mol% for AU-G6
T .
It is apparent from the genotypic and phenotypic data that isolates AU-G6 T and AU-A3.2 represent a single novel species that is distinguished from representatives of all recognized Amycolatopsis species. It is therefore proposed that the isolates be classified in the genus Amycolatopsis as Amycolatopsis antarctica sp. nov. As far as we know, this is the first time a new species of Amycolatopsis isolated from marine macroalgae is described.
DESCRIPTION OF AMYCOLATOPSIS ANTARCTICA SP. NOV.
Amycolatopsis antarctica (an.tarc¢ti.cus. L. masc. adj. antarctica southern, pertaining to the Antarctic, the geographical origin of the type strain).
Aerobic, Gram-strain-positive, non-acid-alcohol-fast, nonmotile actinobacterium forming extensively branched substrate hyphae (diameter 0.4-0.8 µm) that fragment into squarish rod-like elements. Moderately psychrotrophic and halophilic, positive for catalase and oxidase. The colour of the substrate mycelium is ivory to beige brown on different ISP agar media with the production of a moderate reddishblack soluble pigment. The substrate mycelium carries short and sparse white aerial hyphae with a closed and compact spiral on the tip. Growth occurs between 4 and 28 C, pH 6 and 10 and in the presence of 0.5-7.0 % (w/v) NaCl, but not at 37 C, pH 5 or 11 or in the presence of 10.0 % (w/v) NaCl. Optimal growth is at [15] [16] [17] [18] [19] [20] C, pH 7-8, and in the presence of 3.0-5.0 % (w/v) NaCl. Negative for H 2 S production and nitrate reduction. Aesculin, allantoin, arbutin, hippurate, casein, gelatin, and Tweens 20, 40, 60 and 80 are degraded; urea, chitin and xanthine are weakly degraded; but adenine, CMC-Na, guanine, hypoxanthine, pectin, starch and xylan are not. Melanin is produced from L-tyrosin degradation. T . All data listed are from this study, except for the chemotaxonomic data marked by an asterisk, which are from Camas et al. [43] , Groth et al. [42] and Lee et al. [12] . +, Positive; À, negative; W, weakly positive; ND, not determined. All strains are positive for catalase, acid phosphatase, alkaline phosphatase, cystine arylamidase, esterase, esterase lipase, N-acetyl-b-glucosaminidase, leucine arylamidase, lipase and valine arylamidase, degradation of aesculin, allantoin, casein, gelatin, hippurate, Tweens 20, 40, 60 and 80, and L-tyrosine, utilization of D-glucose, D-fructose, glycerol, inulin, maltose, D-sorbitol, starch and trehalose as sole carbon source, utilization of L-alanine, L-arginine, L-cysteine, L-histidine, L-hydroxyproline, L-proline, L-serine and L-valine as sole nitrogen sources, and resistance to barium chloride (0.5 %, w/v); and negative for a-fucosidase, a-galactosidase and bglucuronidase, nitrate reduction, degradation of adenine and guanine, growth on acetate, resistance to cobalt chloride (1.0 %, w/v) and sodium azide (1.0 and 0.5 %, w/v), and susceptible to bactericin, ciprofloxacin, kanamycin, lincomycin hydrochloride, norfloxacin and streptomycin. All strains are with cellwall type IV, N-acetlylated muramic acids and PII type of polar lipids, but without mycolic acids. glucuronidase, a-mannosidase or trypsin (API ZYM tests). Susceptible to chloramphenicol, penicillin G, teicoplanin, tetracycline and vancomycin, but resistant to bactericin, ciprofloxacin, kanamycin, lincomycin hydrochloride, norfloxacin, rifampcin and streptomycin. Susceptible or weakly resistant to erythromycin. Tests for ability to grow on chemical inhibitors are positive for barium chloride, positive or weakly positive for potassium tellurite, but negative for cobalt chloride, sodium azide and zinc chloride. The cell wall contains meso-diaminopimelic acid and arabinose and galactose. Main polar lipids are phosphatidylethanolamine, hydroxy-phosphotidylethanolamine, diphosphatidylglycerol, phosphatidylglycerol and phosphatidylinositol. The predominant respiratory quinone is MK-9(H 4 ). Major cellular fatty acids are iso-C 16 : 0 and C 17 : 1 !8c followed by iso-C 15 : 0 and C 17 : 0 . The acyl type of the muramic acid is acetyl. Mycolic acids are not present. 
